Introduction {#sec1}
============

When polymers are densely tethered to the surface of particles to form so-called "particle brush" materials, then the mutual effect of surface-segment and excluded volume interactions alter the segment volume profile and can give rise to novel properties in materials that are assembled from brush particles. The resulting one-component hybrid materials have attracted interest as platform to fabricate hybrid materials with novel mechanical, dielectric, thermal, or phononic properties.^[@ref1]−[@ref8]^ The common thread in this emerging field of particle brush materials is that brush architectures are engineered such as to enable brush interdigitation and chain entanglement while maintaining well-defined microstructures in self-assembled films. The absence of particle aggregation in the resulting one-component hybrid materials also renders particle brush materials model systems to evaluate the role of chemical confinement on the aging behavior of polymer nanocomposite films. "Aging" refers to the gradual transition of amorphous polymer systems to more equilibrium-type structures by dynamical processes that involve segmental relaxation and the associated drift of physical properties.^[@ref9]^ The pervasive relevance of aging on material performance along with its role in understanding structure and dynamical properties of condensed matter has rendered "aging" and "glass formation" one of the most actively researched areas in polymer physics.^[@ref10]−[@ref12]^

Previous work has shown that polymer relaxation in nanocomposite materials sensitively depends on chain length, the distance between dispersed particle fillers, and particle--polymer interactions.^[@ref13]^ In binary particle-in-polymer dispersions, the latter two quantities are distributed and mutually dependent, and thus, the selective analysis of each governing parameter is difficult.^[@ref14]−[@ref16]^ In contrast, the microstructure of one-component hybrid materials is uniquely defined by the brush architecture, i.e., the degree of polymerization and grafting density of tethered chains as well as the particle size and shape. To understand the effect of brush architecture on the glass formation process, Vaia and co-workers reported a calorimetric study of the glass transition in sparse and dense particle brush films.^[@ref17]^ The authors suggested glass formation in particle brush films to encompass two sequential processes, i.e., the initial freezing of cooperative relaxations that are determined by long-ranged polymer--particle interactions and the subsequent slowdown of local relaxations that depend on the segmental volume distribution within the brush particles.^[@ref17]^ The latter is expected to depend on the geometric confinement (and hence grafting density) of tethered chains; however, only a weak dependence of glass formation on the graft architecture could be determined. This is a surprising result given that previous studies on thin film polymers reported a pronounced effect of confinement on the aging behavior of polymers.^[@ref18],[@ref19]^ In part, this might be attributed to the limited capacity of calorimetric techniques to distinguish dynamic modes other than local segmental motion that depend on the glass--rubber relaxation process. This is particularly limiting in complex structured systems such as particle brush assemblies in which relaxations involve dynamic processes on both the local as well as the collective global level that span over multiple time and length scales.^[@ref20]^

Brillouin light scattering (BLS) presents a powerful complementary technique to study the glass transition process in complex structured materials. The versatility of BLS to analyze glass formation originates from the sensitivity of thermal phonons to local packing and interactions that determine the thermoelastic properties of a medium at long wavelengths, i.e., in the linear acoustic regime.^[@ref3],[@ref21]^ For (shorter) phonon wavelengths that are commensurate with the characteristic length scales of the system, the phonon dispersion (i.e., the dependence of mode frequency on the scattering wave vector) is a sensitive indicator of the flow of thermoelastic energy.^[@ref3]^ Two experimental quantities are hence obtained that provide complementary information about the dynamical processes underlying the glass transition: the adiabatic longitudinal speed of sound (obtained through the low wave vector **q** limit) that senses the glass transition through compressibility and isobaric thermal expansion and the particle eigenmode frequencies (obtained by analysis of particle elastic vibrations).^[@ref22]−[@ref26]^ The lowest frequency, which depends on the transverse speed of sound and the particle's characteristic length scales, probes glass transition mainly via cohesive forces and dilatometry effects. By representation of the eigenmode frequencies with elastic phonon scattering theory, a detailed picture can be obtained about the spatial localization of the elastic energy that sheds light into the softening of the fundamental vibration modes at the glass transition in complex systems.

In this contribution we illustrate the application of BLS to evaluate the effect of graft architecture on the glass--rubber transition in particle brush assembly structures. We demonstrate that the analysis of the eigenmode characteristics of isolated particles as well as the effective medium longitudinal sound velocity in contiguous particle brush films gives information about the local segmental response in the glass transition as well as the impact of chain dynamics on the particle vibrations. Moreover, the concurrent analysis of these quantities reveals the sensitive influence of the grafting density on the dynamic response of the system near the glass--rubber transition. Specifically, the glass transition in sparsely tethered systems is found to cause a sharper and more pronounced change in the phonon lifetime. The latter is similar to pristine homopolymer systems and is shown to alter film formation kinetics. In contrast, in densely grafted systems a more gradual and suppressed transition is observed. These different signatures are interpreted as a consequence of the more pronounced stretched chain conformation in dense systems and their associated effect on segment volume profiles and relaxation.

Results and Discussion {#sec2}
======================

The material system in the present study consists of polystyrene (PS) grafted silica particles of radius *R*~c~ = 57 ± 3 nm with systematically varying architecture (grafting density σ and degree of polymerization of tethered chains, *N*) that were synthesized via surface-initiated atom transfer radical polymerization (SI-ATRP) using established protocols. To evaluate the role of segmental distributions, the grafting density of particle brushes was varied from 0.08 to 0.6 nm^--2^. Four particle brush systems are included in the present study that will subsequently be referred to as "sparse" and "dense" brush particles. Here we note that the classification of "sparse" or "dense" is based not only on the nominal value of the grafting density but also on the dependence of brush height on the degree of polymerization of tethered chains (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The characteristics are for sparse: *N* = 530, σ = 0.27 nm^--2^ (sample ID: DP530) and *N* = 1170, σ = 0.08 nm^--2^ (sample ID: DP1170); and for dense: *N* = 1300, σ = 0.53 nm^--2^ (sample ID: DP1300) and *N* = 2480, σ = 0.39 nm^--2^ (sample ID: DP2480). A summary of all particle brush sample characteristics is presented in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Molecular Parameters of the Polystyrene-Tethered Silica Particles[a](#t1fn1){ref-type="table-fn"}

           grafting characteristics   particles   films              
  -------- -------------------------- ----------- -------- --------- -------------
  DP1300   0.53                       1300        59 ± 4   63 ± 8    0.86 ± 0.04
  DP2480   0.39                       2480        83 ± 7   87 ± 12   0.93 ± 0.03
  DP530    0.27                       530         18 ± 6   19 ± 3    0.56 ± 0.02
  DP1170   0.08                       1170        15 ± 4   11 ± 6    0.50 ± 0.02

*h*\*: brush height determined by SEM images in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf); *h*^\#^: brush height determined by TEM images in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf); ϕ~PS~: volume fraction of PS is determined by different methods (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)).

![Thickness of polystyrene (PS) brush layer of PS-tethered silica particles obtained from their SEM images ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) for sparsely (red symbols) and densely (blue symbols) grafted polymer chains. Black symbols denote values reported previously for similar brush particle systems that were obtained for the identical silica particle batch and high grafting density (adopted from ref ([@ref3])).](ma-2017-01752a_0001){#fig1}

Tethered Chain Dimensions {#sec2.1}
-------------------------

To evaluate the conformational state of surface-tethered chains, the brush height of pristine isolated particle brushes *h*\* was determined by evaluation of particle dimensions using scanning electron imaging ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) and reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} depicts *h*\* as a function of *N* for the particle brushes with the same silica cores studied in the present work and previous work.^[@ref3]^ The data reveal that the PS thickness for polymer brush particles in air conforms to a scaling behavior *h*\* ∼ *N*^0.56±0.03^ for grafting densities greater than about 0.3 nm^--2^. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} also reveals that the sparsely grafted systems DP530 (σ = 0.27 nm^--2^) and DP1170 (σ = 0.08 nm^--2^) display a significant reduction of brush height as compared to the densely tethered counterparts. The small brush height suggests a pronounced collapse of chain conformations. The chain collapse in the case of DP530 (and DP1170) motivates its classification as a "sparse brush" for the purpose of the present study. Note that both structural parameters *N* and σ differ for sparse brush particle systems, and thus a detailed scaling relation cannot be established for the sparse grafting density regime. The system DP100 (σ = 0.61 nm^--2^, *N* = 130) assumes a special role since its chains are more stretched than other dense brush systems based on the scaling of [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} (solid line). In fact, light scattering studies reveal that the brush dimension approaches its size in dilute solution (not shown here). It is interesting to note that the scaling characteristics differ in dense tethered systems (DP100, DP1300, and DP2480) dependent on the degree of polymerization of tethered chains. The trend is consistent with previous reports and can be attributed to the more pronounced packing constraints that act on polymer segments in the vicinity of the particle surface.^[@ref2]^

The distinct conformation of sparsely grafted chains should impact the dynamics of the individual particles and the thermomechanical properties of their assembled films. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates an important inherent feature of brush particles; that is, the brush height (and hence chain conformations) is a function not only of *N* but also of grafting density, σ. These quantities are thus expected to govern the interactions and dynamical features of brush particles in pristine (individual) as well as assembled (film) form. We address first the effect of brush density on the eigenvibration spectrum as a function of temperature to illustrate the effect of packing on both chain and segmental dynamics. Subsequently, we discuss the role of graft density on film formation and relaxation.

Particle Vibration Spectra {#sec2.2}
--------------------------

BLS is a powerful technique to record the thermal shape fluctuations of submicrometer size particles depending on their geometry, morphology, and mechanical properties.^[@ref22],[@ref23]^ For nanoparticles with size less than 100 nm Raman scattering^[@ref27]^ and pump--probe^[@ref24]^ techniques can be utilized, but fewer modes are resolved as compared to BLS, rendering the analysis less unique. The vibration spectra of the densely PS-tethered silica particles (σ ≈ 0.6 nm^--2^) have been recently reported (black symbols in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref26]^ The eigenfrequencies revealed a red-shift compared to uniform core--shell particles that was interpreted as a consequence of the anisotropic elastic impedance mismatch across the polymer--particle interface. The origin of the mechanical anisotropy was argued to be the stretching of the tethered chains near the interface which is more pronounced for short and densely tethered chains. For similar grafting density, the effect was diluted with increasing degree of polymerization and hence PS volume fraction ϕ~PS~.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} displays vibration spectra at 295 K for grafted particles of [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The two dense particle brushes with *N* = 1300 and 2480 (c, d) display a rich spectrum mainly due to their larger diameter, whereas for the other two sparsely grafted systems (a, b) the lower magnification, *qd* ∼ *O*(1), implies that only low-frequency modes can be detected.^[@ref22]^ The spectra in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b display a low-frequency shoulder due to adhesion of neighboring particles ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) that transforms the translational dipole (*l* = 1) mode, also known as rigid-body-resonance (RBR), within isolated particles into a vibration-like mode that is characteristic for particle twins.^[@ref25],[@ref28],[@ref29]^ This mode is clearly seen in the power spectra: intensity times frequency squared (insets to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). Its frequency, *f*~11~ ∼ (*k*/*m*)^1/2^ with *k* and *m* being the effective spring constant and particle mass, respectively, is 7 GHz for DP530 and 10 GHz for DP1170. The ratio between these frequencies slightly exceeds the expected *m*^--1/2^ dependence assuming the tethered PS mass (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--e) and suggests somewhat stronger *k* for DP1170. The absence of this low-frequency mode (*l* = 1) in the vibration spectra of DP2480 and DP1300 particles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d) is attributed to the red-shift of *f*~11~ (higher *m* and/or weak *k*). In fact, SEM images ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) suggest the particles rich in PS (DP1300 and DP2480) to exhibit a reduced degree of clustering compared to DP530 and DP1170 systems with lower PS weight fraction. A reliable resolution of *f*~11~ requires sufficiently strong particle adhesion (∼*k*) so that this mode can be separated from the strong elastic Rayleigh peak.^[@ref22],[@ref28],[@ref29]^ The reduced frequency of cluster formation in the case of dense brush systems suggests that *k* is larger for sparse systems. Indeed, this is consistent with prior reports on the assembly behavior of sparse brush systems that revealed the formation of complex particle brush aggregate structures in film and composite systems.^[@ref15],[@ref16],[@ref30]^

![Eigenmode spectra of DP530 (a), DP1170 (b), DP1300 (c), and DP2480 (d) particles in a powder form at 295 K represented by several Lorentzians (blue solid lines). Power spectra for the DP530 and DP1170 are shown as insets in (a) and (b), and the mode (*l* = 1) is indicated by arrows in the main panels a and b. This mode is absent in DP1300 and DP2480.](ma-2017-01752a_0002){#fig2}

![(a) Calculated dispersion relation of the spheroidal eigenmodes for SiO~2~--PS particles immersed in air, consisting of a silica core of radius *R*~c~ = 57 nm and a polystyrene shell of thickness *h*. The symbols denote the experimentally resolved eigenfrequency positions for the five samples. The theoretical calculations predict four spheroidal subfamilies: shell-localized mostly radial vibrations (solid black lines), mostly tangential, and mostly radial vibrations localized in both the shell and core (blue solid and dotted lines, respectively) and shell-localized mostly tangential vibrations (dash-dotted lines). The angular momentum quantum number *l* characterizing each of these modes is given at the top of the plot. Right panel: representative displacement field plots of the first mode *f*~*n,l*~ of these families for *h* = 83 nm: *f*~*n*=1*,l*=2~ = 4.39 GHz (b), *f*~*n*=2*,l*=1~ = 4.73 GHz (c), *f*~*n*=3*,l*=1~ = 9.94 GHz (d), and *f*~*n*=4*,l*=1~ = 12.12 GHz (e). The color maps correspond to the square modulus of the scattered displacement field at a cut passing at the center of the sphere (incidence is considered along the horizontal axis from left to right), and the arrows show the direction of the displacement field at selected positions.](ma-2017-01752a_0003){#fig3}

Theoretical calculations using multipole expansion of the elastic field for an individual core--shell SiO~2~--PS particle immersed in air, with ordinary (perfect) boundary conditions (PBC) applied at the silica--PS interface,^[@ref31],[@ref32]^ ascribe the experimentally observed eigenmodes to the spheroidal vibrations of the particle. The spherical symmetry of the latter implies that the elastic field is expanded into a vector spherical wave basis that can be classified into two uncoupled subspaces: spheroidal and torsional solutions. The corresponding eigenfrequencies, *f*~*nl*~, are characterized by the angular momentum quantum number *l* and their order of appearance *n* with increasing frequency.

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} we show the calculated dispersion relation of the spheroidal vibrations of the particle as a function of the thickness *h* of the PS shell coating assuming a fixed silica core of radius *R*~c~ = 57 nm; both materials are assumed to be homogeneous and isotropic. Bulk elastic parameters are used for PS (mass density ρ = 1050 kg/m^3^, longitudinal and transverse elastic velocities *c*~L~ = 2350 and *c*~T~ = 1210 m/s, respectively); for silica we employ the same elastic parameters as they were determined in previous studies.^[@ref26]^ The calculated spheroidal resonance frequencies are red-shifted with increasing PS shell thickness *h* ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), and the corresponding vibrational modes are classified into four different subfamilies with respect to their spatial localization inside the particle (core-localized, shell-localized, or both) and/or their high-amplitude elastic field direction (mostly tangential or mostly radial vibrations), as detailed by the different plot lines in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a with the corresponding field plots on resonance depicted in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b--e. We note in passing that when two dispersion lines of the same *l* come close enough to each other, a hybridization occurs; i.e., each line loses its pure spatial localization character, and a mixing of these two vibrational states appears. This is the case in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a for the two *l* = 2 dispersion curves (black and blue solid lines) coming closer and interacting at about *h* ∼ 40 nm.

Comparison with the experimental frequency values (symbols in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) for the different samples and for *h* taken from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows a good agreement and assigns the first few strong low-frequency modes in DP2480 and DP1300 to PS-localized and mostly radial, spheroidal modes with *l* = 2--5. For the two sparsely tethered particle systems, the two resolved modes are assigned to *l* = 2--4 for DP530 and *l* = 2, 3 for DP1170 of the same subfamily of spheroidal modes. Spheroidal modes belonging to the other three subfamilies (PS-localized tangential, core-localized, and coupled-core--shell tangential or radial vibrations) do not seem to strongly contribute to the BLS recorded spectrum. A clear physical picture explaining the preference of certain modes to be BLS active requires a more thorough theoretical analysis in the future by evaluating the relation between the BLS intensity and the symmetry and spatial distribution of the elastic-field virtual bound states inside particles. An exception to the good agreement between experimental and calculated particle eigenmodes seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a is the case of the DP100 system in its powder state. Here, the first experimentally observed resonance peak at about 14.2 GHz is found in the vicinity of the theoretical *l* = 4 mode. The origin for the stark difference in the resonance behavior of the DP100 system is currently unknown. One could argue that the *l* = 2 mode is not BLS active, for example, because of possible anisotropic elasto-elastic and/or elasto-optic behavior.^[@ref33]^

We note that other types of boundary conditions (such as imperfect boundary conditions) that were introduced previously cannot account for the observed difference in resonance behavior.^[@ref26]^ It should be mentioned that the lowest spheroidal resonance frequency *f*~*l*=2~ mode for the core--shell particle under study can be accurately estimated by the formula *f*~*l*=2~ = 0.405*c*~T~^0.84^*h*^--0.81^ for shell thickness *h* varying from 30 to 80 nm and for PS velocity ratios (with respect to the corresponding bulk values) ranging from 1.00 to 1.10. For the sake of completeness, we note that in the case of homogeneous spherical particles of radius *Rf*~*l*=2~ was found to follow the Lamb expression *f*~*l*=2~ = 0.425*c*~T~*R*^--1^.^[@ref22],[@ref34]^

The successful representation of the particle vibration spectra in the glassy state with PBC using bulk PS elastic constants indicates a core/shell behavior for all four high *N* particle brush systems. Based on [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the low-grafting-density systems (DP530 and DP1170) exhibit less extended chain conformations as compared to the high-density counterparts (DP1300 and DP2480). This is revealed by the presence of interaction-induced low frequency (*l* = 1) mode ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b) that suggests entanglement between tethered chains and confirms previous reports that have demonstrated high grafting densities to hinder interpenetration of stretched tethered chains.^[@ref35]−[@ref37]^ Analysis of the temperature dependence of vibration spectra sheds light into the nature of these interactions and allows the estimation of the glass transition temperature, *T*~g~, of the tethered PS chains.

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,c displays the eigenmode spectra of DP530 and DP1300 at different temperatures in the range 295--425 K exceeding the *T*~g~ (∼370 K) of the bulk PS (for the other two high *N* systems, see [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)). The eigenmode spectrum persists as long as individual particles resist the interdiffusion that eventually leads to film formation and disappearance of the eigenmodes^[@ref28]^ of the individual isolated particles in air.^[@ref26]^ The information contained in the BLS spectra can be used to extract indirectly the glass transition temperature which is defined in these cases as the temperature at which the slope of the sound velocities (*c*~L~ and *c*~T~) changes (i.e., d*c*~L/T~/d*T* is discontinuous).^[@ref38]^ In the eigenmode spectra shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a,c, the first few strongest eigenmodes can be easily resolved by Lorentzian-shaped fitting curves; each mode is characterized by its frequency position *f*~R~ and line width Γ. The variation with temperature of these two quantities, *f*~R~(*T*) and Γ(*T*), depicted in [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [4](#fig4){ref-type="fig"}d, is of importance to deduce the glass transition.^[@ref38]−[@ref41]^

![Eigenmode spectra of DP530 (a) and DP1300 (c) measured at different temperatures in the glassy and rubbery PS state. The peak frequency (lower panel) and line width (upper panel) of the strongest modes are determined by curve fitting with Lorentzian functions (red curves) and depicted as a function of temperature for DP530 (b) and DP1300 (d). The vertical shaded area indicates the glass transition region in DP530 (b), while for DP1300 (d) no transition was observed until 365 K, above which no eigenmodes could be resolved. The acoustic phonon characterizing the formation of contiguous bulk-like films is indicated by blue arrows in the eigenmode spectra (at *q* = 0.0118 nm^--1^ and backscattering in panels a and c).](ma-2017-01752a_0004){#fig4}

Before analyzing in details the *T*-dependent characteristics of the BLS spectra of our samples, two aspects should be considered: First, both elastic velocities *c*~L~ = (*M*/ρ)^1/2^ and *c*~T~ = (*G*/ρ)^1/2^ depend on the mass density (ρ) and longitudinal (*M*) and shear (*G*) moduli. The very similar temperature dependence of *c*~L~(*T*) and *c*~T~(*T*) in the glassy state leads to a robust *T*~g~ value ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)), suggesting that the *T* dependence of the cohesive forces is indeed the dominant factor. Because of the comparatively slow heating rate that is applied in the BLS measurements, *T*~g~ that is obtained from BLS is expected to be lower than the corresponding DSC value. Since the vibration frequency of the strongest *l* = 2 mode is roughly proportional to *c*~T~*h*^--1^ (see discussion of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and given the weak influence of thermal expansion on the PS shell thickness *h* (∼ρ^--1/3^) (α \< 10^--4^ K^--1^),^[@ref42]^ the variation of frequency position in the *T*-dependent eigenmode spectra can be used to deduce the glass transition temperature *T*~g~ via mainly the *T*-dependent *c*~T~. Interestingly, the sound attenuation that is described by the mode line width Γ(*T*) displays a nonmonotonic increase above *T*~g~ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b and [Figure S2b](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)). This observation is rather unexpected because dissipation is negligible at gigahertz frequencies (since segmental relaxation times just above *T*~g~ are expected to be of the order of seconds). We relate this increased dissipation to the interaction-induced low frequency (*l* = 1) RBR mode.

Analysis of *f*~R~(*T*) and Γ(*T*) above *T*~g~ reveals two distinct types of behavior of the particle systems ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)): type I (DP1300 and DP2480), characterized by the presence of a bulk PS peak and the smear-out of eigenmodes, and type II (DP530 and DP1170), characterized by the prevalence of eigenmodes above *T*~g~. Indeed, for the type I particle systems (high grafting density σ and large PS volume fraction ϕ~PS~) no eigenmode is discernible above *T*~g~ ≈ 373 K (see [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [Figure S2c](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)), which is confirmed by the appearance of the backscattering peak of the melt PS (the formation of a transparent film allows the observation of the acoustic phonon in PS at almost 180° scattering angle). For DP1300 ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c) and DP2480 ([Figure S2c](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)), all modes but the strongest abruptly disappear at about 373 K (along with the concurrent appearance of the PS longitudinal phonon). The line widths are virtually *T*-independent ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d and [Figure S2d](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)). In this case, *T*~g~ can be estimated by the appearance of the bulk PS peak (at about 11 GHz) between 363 and 373 K. The appearance of the bulk peak is consistent with the formation of contiguous bulk-like film structures during heating of the material and indicates that significant chain mobility must exist over this *T* range to facilitate film formation.

Next, for the particle systems of type II (low grafting density and near symmetric PS volume fraction), eigenmodes prevail above *T*~g~ ≈ 355 K. The glass transition is now estimated by the change in the rate of both frequency and line width of the main eigenmode with temperature. The presence of the low-frequency (*l* = 1) peak is clearly seen in the power spectra *I*(*f*)*f*^2^ of type II particle systems in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and suggests adhesion between neighboring particles.^[@ref28]^ The variation with temperature of the frequency of this interaction-induced (*l* = 1) RBR mode changes abruptly at a temperature being comparable to that of *f*~R~(*T*) and Γ(*T*) for the fundamental eigenmode. Moreover the slope (d*f*~11~/d*T*) changes from negative to positive at the transition temperature. All three experimental parameters indicate a lower *T*~g~ relatively to the bulk PS (*T*~g~ ∼ 373 K) and the particles system of type I ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). Few reports in the literature have investigated the glass transition behavior of bare nanoparticles in general^[@ref43]−[@ref45]^ and neat polymer-grafted nanoparticles.^[@ref17],[@ref35],[@ref46]^ However, there is no solid conclusion on the effect of grafting density and polymer graft molecular weight on the average *T*~g~ response. In the most recent paper, a small (1--2 K) *T*~g~ increase compared to the free PS chains with the same molecular weight observed by DSC, whereas a *T*~g~ gradient from near the free surface to near the core interface was inferred by the fluorescence of molecular dye labeled at specific regions of the PS grafts.^[@ref46]^

![Power BLS spectra and the frequencies of the low frequency (*l* = 1) peak for DP530 (a, b) and DP1170 (c, d) at different temperatures. The shaded area around 360 K indicates the glass transition region.](ma-2017-01752a_0005){#fig5}

The dipole (RBR) mode is a sensitive indicator of interparticle adhesion. Since the "fusion" of polymer shells that is observed in the electron micrographs of "particle pairs" requires a sufficient fraction of relaxed chain segments (since only the latter are capable of entanglement and interpenetration), the RBR mode is sensitive to the graft density. The comparison of DP1170 to DP1300 (similar *N*) suggests that the reduced grafting density promotes chain entanglements and thus interparticle-segmental interactions. In type II systems (DP530 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and DP1170 in [Figure S2a](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)), the reduced chain mobility (caused by significant chain entanglements) renders the eigenmodes more robust. This is evidenced by the persistence of eigenmodes above *T*~g~ as revealed by the different slopes of *f* vs *T* but also Γ(*T*). This trend is consistent with previous reports of a slowdown of the chain dynamics in the case of high grafting density systems due to arm retraction even for nonentangled chains (i.e., *N* \< *N*~c~, where *N*~c~ is the entanglement degree of polymerization).^[@ref47]^ The different PS graft interpenetration is schematically shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![Scanning electron microscope (SEM) images (scale bar: 200 nm) of two polystyrene (PS) grafted silica particles with similar degree of polymerization for the PS grafts but very different grafting density. The schematic presentation of the PS stretching and interpenetration of a pair of DP1300 (panel a, high grafting density and large interparticle distance) and DP1170 (panel b, low grafting density and short interparticle distance) is shown next to the SEM images.](ma-2017-01752a_0006){#fig6}

For DP100 with predominantly stretched configuration no adhesion can be discerned as indicated by the absence of the RBR mode ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)). This is consistent with the expectation that more pronounced stretching of tethered chains should impede brush interpenetration and hence retard film formation as indicated by the robust vibration modes in DP100 above *T*~g~. The chain stretching alters the local dynamics of DP100 as suggested by its higher *T*~g~ (373 ± 2 K, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) compared to the low-grafting density DP1170 and DP530 systems (∼354 K). Previous research on flat brushes (high grafting density) reported an increase of *T*~g~ that was attributed to the slowdown of the chain dynamics due to the reduced conformational entropy of the stretched chains.^[@ref48],[@ref49]^ The chains progressively adopt Gaussian conformation with decreasing grafting density leading to an increased contribution of the entropy of the more mobile chains and hence to a *T*~g~ reduction relative to the bulk state.^[@ref48]^ Furthermore, a heuristic similarity of the stretched DP100 and collapsed individual type II particle brushes (DP530 and DP1170) to free-standing and supported films, respectively, might find support from the reduced *T*~g~ in the type II systems.

The preceding information on the thermomechanical behavior of the individual polymer-tethered particles is based on the volume thermal expansion and not directly on the polymer segmental dynamics. The latter is frozen at *T*~g~ and is at the origin of the specific heat relaxation probed by DSC, which has revealed pronounced confinement effects (i.e., a reduction of the glass temperature) in submicrometer PS spherical colloids.^[@ref43],[@ref50]^ In the few reports on particle brush systems^[@ref5],[@ref35]^ and PS brushes,^[@ref11],[@ref46],[@ref51]^*T*~g~ was found to be virtually independent of the brush thickness. To gain insight into the origin of the apparent reduction of the glass transition temperature in the case of brush particles, the *T*~g~ of bulk particle brush materials was determined by DSC. To facilitate conditions close to BLS experiments, particle brush solutions were precipitated in nonsolvent (ethanol) and subsequently dried in a vacuum. Three consecutive DSC runs (298 K \< *T* \< 403 K at a heating (cooling) rate 1 K/min (10 K/min) and 10 min equilibration at maximum temperature) were performed for each sample. The first heating run corresponds to individual particles in the powder resembling closely the BLS experiment, whereas a progressive transformation to contiguous films was observed during the two subsequent runs. The glass transition was determined from heating curves for consistency with BLS experiments.

As revealed by the data shown in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf), all particle brush samples (with the exception of DP1300) show a distinctive increase of *T*~g~ with increasing number of heating/cooling cycles. In as-prepared particle brush powder samples several transitions are observed, the most distinctive transition being a glass transition at about 353 K (close to the transition observed in BLS). With increasing number of heating/cooling cycles the number of detectable transitions decreases (see also the DSC traces shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)). In the case of DP1170 and DP2480 only one major transition at *T* ∼ 382 K, close to the expected glass transition temperature of PS, is observed after the first cycle. DP530 exhibits a similar behavior albeit the signature of the lower temperature transition is retained even after three runs. The *T*~g~ of the DP1300 system shows only a modest increase to *T*~g~ ∼ 355 K; however, it should be noted that a more pronounced increase (to 378 K) was observed after (vacuum) annealing of the sample at *T* ∼ 398 K for 3 days, during which the brush particles coalesced to form a contiguous film. The DSC traces shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf) reveal the implications of the gradual transition from the individual brush particle to the contiguous film state on the thermal behavior of the system. Multiple thermal transitions in the individual brush particle state (first run) converge to a single transition at about 382 K after repeated cycling through the glass transition (third run). The glass transition temperature measured after three runs was indistinguishable from the *T*~g~ of films after 3 days of thermal annealing.

Comparison of the DSC ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) and BLS ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) results suggests that the comparatively lower transition temperatures that are observed in BLS originate from the pronounced far-from-equilibrium local structure of powder particle brush systems in the as-prepared state. In particular, the high surface energy of air/polymer interfaces causes the collapse of tethered chains, as can be verified by the reduced scaling of brush height and degree of polymerization ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Evidently, this collapsed state results in a lowering of *T*~g~. To realize more ideal chain conformation in the film or melt state, dynamic processes must occur on the chain and particle level. The slow particle dynamics hinders transitions during the annealing process and delays the "convergence" of *T*~g~ during DSC as compared to linear chain analogues.

Assembled Particle Films {#sec2.3}
------------------------

To gain a better understanding of the role of brush architecture and chain conformation on the relaxation behavior of contiguous films, BLS was performed on equilibrated film samples. The conformation of the tethered PS chains depends on the particle environment, i.e., either air (for individual brush particles) or the polymer-filled interstitial space between particles (in the case of contiguous assembled films). A direct consequence of film formation is the disappearance of the eigenmodes in the BLS spectrum and the emergence of rich phononic dispersion.^[@ref3]^ Here, the glass dynamics can be inferred by examination of the temperature dependence of the effective medium (long wavelength) sound velocity. To perform this analysis, we assume that contiguous particle brush films can be considered as ideal nanocomposites, free of phase separation and metastability.^[@ref14],[@ref52]^ Using BLS, the *T*~g~ of bulk polymers^[@ref38]^ can be determined from the onset temperature at which the slope of *c*(*T*) decreases or increases (depending on whether cooling or heating runs are performed). Here we note that the rates for the two speeds of sound (longitudinal and transverse) are virtually the same below and different above *T*~g~ as can be deduced by the change of the Poisson's ratio at *T*~g~ in the case of a PS film ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)). The temperature dependence of the longitudinal sound velocity, *c*~L~, for the four assembled particle films ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) and a PS film (molecular weight 30K) that is used as a reference is shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. We should note that these traces represent the second heating cycle, i.e., after heating the films to 400 K, equilibration for 30 min, and subsequent slow cooling at room temperature overnight; all first heat runs revealed low *T*~g~'s that could not be unequivocally identified. The particle brush films do not change morphology after heating above *T*~g~. To confirm this assertion, the microstructure of particle brush films was assessed by two methods: First, the comparison of BLS spectra of films measured at 295 K before and after glass transition experiments. The similarity of spectra provides strong indirect evidence for the similarity of the microstructure. Second, the evolution of microstructure of (monolayer) particle brush films during thermal annealing using TEM did not show an indication of structural changes on time scales relevant to the experiments in our study (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)).

![Temperature dependence of the longitudinal sound velocity (a) and line width Γ\*(*T*) (b) for the four assembled DP films and bulk PS (values for Γ\*(*T*) represent net values after subtraction of the instrumental contribution). Shaded areas indicate the estimated *T*~g~ from the two BLS experimental quantities. Two PS films with molecular weight 30K (*T*~g~ ≈ 365 K in panel a) and 2K (*T*~g~ ≈ 337 K in panel b) are displayed. Inset: typical BLS spectra for DP530 and DP1300.](ma-2017-01752a_0007){#fig7}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} reveals that bulk PS and nanocomposite films display distinctive changes in both longitudinal sound velocity and phonon lifetime (1/Γ, Γ = *q*^2^(η/ρ)) at *T*~g~. The rate of the change of longitudinal sound velocity with temperature, d*c*~L~/d*T* = (∂*c*~L~/∂*V*)~*T*~(∂*V*/∂*T*)~*P*~, is mainly determined by cohesive forces and dilatometry effects, whereas that of the phonon lifetime, ∂Γ(*T*)/∂*T*) ∼ ∂η(*T*)/∂*T*, relates to the local dynamic viscosity (η/ρ) (at hypersonic frequencies).^[@ref53]^ Interestingly, *T*~g~ obtained from *c*~L~(*T*) assumes quite similar values (close to bulk PS film) for all nanocomposite films ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)). As all the films are free-standing with thickness in the micrometer scale, negligible confinement of the PS chains is anticipated in these systems.^[@ref18]^ Furthermore, all particle brush systems consist of the same submicrometer size silica cores, and hence all these single component composites exhibit similar *T*~g~ values. We speculate that the effect of chain stretching on *T*~g~ might be weakened due to the different environment (air in the case of the individual particles vs PS theta matrix in the assembled films). The difference in *T*~g~ among the assembled particle brush films becomes small, whereas the phonon lifetime shows a sensitive temperature dependence that is a function of grafting density. Type I systems (DP1300 and DP2480) display a monotonic increase with temperature while for type II systems (DP530 and DP1170) a distinctive change of Γ\*(*T*) is observed at *T*~g~, similar to bulk PS. To interpret the above observation, we recall that phonon attenuation (which is proportional to Γ\*(*T*)/*q*^2^) relates to dissipation either due to dynamic viscosity or phonon scattering. The latter should be rather insensitive to the glass--rubber transition, as no structural changes are anticipated, and hence the local viscosity (η/ρ) does appear responsible for the nonmonotonic change of Γ\*(*T*) around *T*~g~. In this case, a nonmonotonic change of Γ\*(*T*) is expected at *T*~g~. This is indeed observed for bulk PS and type II systems. The analogue trend in Γ\*(*T*) for sparse brush particles and the reference bulk PS thus further confirms similar chain conformations. The behavior is different for type I brush particles (DP1300 and DP2480) which do not show a distinctive change of Γ\*(*T*) near the glass transition. We should note that only few organic materials has an increase of Γ(*T*) near *T*~g~ been reported for acoustic phonons at gigahertz frequencies. In these cases the effect was ascribed to a change in "local" viscosity.^[@ref54],[@ref55]^

The temperature dependence of the longitudinal sound velocity can also reveal information on the PS amorphous phase. In a recent report, Schweizer and co-workers describe the glass transition in terms of the coupling between short scale hopping and long-range collective elastic distortions.^[@ref56]^ In this treatment, the glass transition temperature is proposed to be proportional to the cohesive force parameter *B* which can be obtained from the temperature dependence of the bulk modulus, *K* = *M* -- 4*G*/3. Because of the much smaller (about 4 times) *G* and the virtually *T*-independent Poisson's ratio ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)), we can use *K* ≈ *M* (= ρ*c*~L~^2^). The variation of *c*~L~(*T*) with temperature is given by *c*~L~(*T*) *= B*/*T -- A*, where *B* and *A* denote the cohesive force and entropic packing parameter, respectively. Application of this equation to represent the sound velocity in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a reveals that *B* assumes very similar values (*B* ≈ 10 × 10^5^ m.K/s ) above *T*~g~ but distinct values ((1.5--2) × 10^5^ m.K/s for type I and 2.7 × 10^5^ m.K/s for type II films in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) below *T*~g~. The respective values of the bulk PS 30k film are 10 × 10^5^ m.K/s above and 1.4 × 10^5^ m.K/s below *T*~g~, in spite of the very similar *T*~g~ values. Our results are thus consistent with the proposition that the value of *T*~g~ is not entirely determined by *B*.^[@ref56]^ The values of *B* and *A* for the four systems are listed in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf). In an alternative linear representation of *c*(*T*), the slopes α~g~ ≡ d ln *c*/d*T*\|~*T*\<*T*~g~~, and α~m~ ≡ d ln *c*/d*T*\|~*T*\>*T*~g~~, which relate to the thermal volume expansion below and above *T*~g~, as well as the slopes α~g~ ≡ d ln *f*/d*T*\|~*T*\<*T*~g~~ and α~m~ ≡ d ln *f*/d*T*\|~*T*\>*T*~g~~ for the neat polymer-grafted particles ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)) are listed in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf). For practical aspects of the particle brush materials, the effective medium sound velocity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) yields the elastic longitudinal modulus, *M*, at different temperatures. At 295 K, the longitudinal modulus *M* increases from 5.8 GPa (bulk PS, ϕ~PS~ = 1) to 13.1 GPa (DP1170 ϕ~PS~ = 0.5) assuming a linear volume fraction dependence for the mass density and 1050 kg/m^3^ for bulk PS and 1850 kg/m^3^ for the silica core.^[@ref26]^ At first glance, longitudinal sound velocity *c* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) and hence *M* increase with decreasing ϕ~PS~ (from DP1300 to DP1170) due to the increase of the silica composition. However, a careful inspection reveals that ϕ~PS~ is not the only parameter affecting *c* as DP530 and DP100 (*c* = 2710 m/s at room temperature) exhibit a lower value than in DP1170 notably with similar ϕ~PS~.

Conclusions {#sec3}
===========

Brillouin light scattering analysis of polymer-tethered particles in both pristine and film state reveals a distinctive dependence of particle--particle interactions and structure relaxation on the grafting density of brush particles. For individual brush particles (that are obtained from precipitation out of dilute solution) the interpretation of vibration eigenmode spectrum confirms more pronounced clustering and "brush fusion" in the case of sparse particle systems. This is rationalized as a consequence of the more relaxed chain conformation and more extensive chain entanglement in sparsely tethered systems. These structural characteristics imply that the fundamental (1,2) and the interaction induced (1,1) vibration modes prevail at temperatures above *T*~g~ only for these systems. In the film state, the glass transition is probed via the temperature dependence of the sound velocity as well as the lifetime of hypersonic phonons. While the first probes the glass transition via the material's thermal expansion (and is thus similar to a calorimetric measurement), the phonon lifetime depends on changes in the local viscosity which is sensitive to segment density distribution (and hence on the brush architecture). Analysis of the glass formation in the solid film state, accomplished by determination of the long-wavelength effective medium sound velocity, is found to not sensitively depend on grafting density. This is in support of previous studies that reported no measurable effect of the grafting density on the glass transition temperature of particle brush solids. In contrast, local (segmental) relaxation (tested via the hypersonic phonon lifetime) reveals a distinctive dependence on the grafting density. The phonon lifetime displays a sharp transition at *T*~g~ in the case of sparse brush systems (similar to linear polymers), whereas only a weak gradual transition is observed in densely tethered systems. Association to viscosity and hence to global dynamics is possible.

Our results provide (to the authors' knowledge) the first experimental evidence for the effect of particle brush architecture on the relaxation behavior in particle brush-based materials. Because the effect is primarily on the local viscosity, the effect is not detected in dilatometric experiments (such as sound velocity or calorimetric measurements) but rather becomes visible in the analysis of the phonon lifetime. The ability to track dynamical changes directly on the local and indirectly on more global scale renders Brillouin light scattering a versatile technique to probe glass transition processes in brush particle media. Given the critical importance of glass formation to practical aspects of materials in applications such as "aging behavior", it is hoped that the results will contribute to the development of more efficient methods for designing particle brush materials with tailored properties.

Experimental Section {#sec4}
====================

Synthesis {#sec4.1}
---------

Particle brush synthesis was performed using surface-initiated atom transfer radical polymerization following a procedure described previously.^[@ref57]^ The final molar ratios of reaction components in a typical reaction were approximately \[styrene\]~0~:\[SiO~2~--Br\]~0~:\[CuBr\]~0~:\[CuBr~2~\]~0~:\[PMDETA\]~0~ of 2000:1:2.5:0.25:2.75 with a volume fraction of nonreactive solvents of 5.4% dimethylformamide and 40% anisole in a 100 mL flask and stirred at approximately 1000 rpm. The polymerization was stopped by exposing the catalyst to oxygenated tetrahydrofuran after cooling under continuous stirring. The final product was dialyzed against tetrahydrofuran and methanol until the copper(II) catalyst was removed as evidenced by disappearance of its characteristic color.

Styrene (St, Aldrich, 99%) was purified by passing through a basic alumina column before use. Copper(I) bromide was prepared by reduction of an aqueous solution of CuBr~2~ with an aqueous solution of ascorbic acid, and copper(I) chloride was prepared by reduction of CuCl~2~ aqueous solution using an aqueous solution of sodium sulfite. Both copper(I) halides were then sequentially filtered, washed with methanol, dried, and stored under vacuum before use. Silica nanoparticles (SiO~2~NP), 30% solution in isopropanol, effective diameter, *d*~TEM~ ≈ 113 nm, were donated by Nissan Chemical Corporation and used as received. 5-Hexen-1-ol (98%), α-bromoisobutyryl bromide (98%), triethoxysilane (95%), ethyl 2-bromoisobutyrate (EBiB, 98%), 4,4′-dinonyl-2,2′-bipyridine (dNbpy, 99%), *N*,*N*,*N*′,*N*″,*N*″-pentamethyldiethylenetriamine (PMDETA, 99%), and anisole (99%) were purchased from Aldrich and used as received. All other chemicals and solvents were supplied by Aldrich and Acros Organics.

Particle brush films of 100 μm thickness were prepared by casting of appropriate amounts of particle brush solution (4 wt % in toluene) on silicon substrates (with natural oxides on the surface) under ambient atmosphere. Films were dried and lifted off from substrate to allow for Brillouin light scattering from free-standing films. Under these conditions, compressive forces that arise during solvent evaporation are expected to result in colloidal crystal type microstructures.^[@ref58]^

Size Exclusion Chromatography (SEC) {#sec4.2}
-----------------------------------

Molecular weight and dispersity were measured by size exclusion chromatography using a Waters 515 pump and a Waters 2414 differential refractometer and PSS columns (Styrogel 10^5^, 10^3^, and 10^2^ Å) in THF as an eluent (35 °C, flow rate of 1 mL/min) with toluene and diphenyl ether as internal references. A linear polystyrene (PS) standard was used for calibration. To perform SEC, chains were cleaved from particles by etching of particles in HF in a polypropylene vial for 20 h, neutralized with ammonium hydroxide, and dried with magnesium sulfate before running SEC. Hydrofluoric acid (50 vol % HF) was purchased from Acros Organics and used as received. THF was purchased from Aldrich and used as received.

Thermogravimetric Analysis (TGA) {#sec4.3}
--------------------------------

Assessment of the grafting density and inorganic content of particles was made using weight fractions measured from thermogravimetric analysis (TGA) on a Q50 TGA analyzer from TA Instruments under nitrogen up to 850 °C. Grafting density was calculated by using the weight fractions measured with TGA to convert to number of polymer chains using the molar mass of polymer chains (as determined using size exclusion chromatography) and surface area (using a silica mass density of 1.85 g/cm^3^). The silica core was the same for all four particle brushes with radius *R*~c~ = 57 ± 3 nm as determined by TEM. The particle shape and size in the dry state were inferred from SEM images ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf)), indicating spherical PS shell and revealing both molecular weight and grafting density thickness dependence. In addition, an estimate of the PS height, *h*, was obtained from the center-to center distance *d* = 2(*R*~c~ + *h*) in the TEM images of the assembled particle brush films.^[@ref26]^ Given the different thermodynamic conditions, bad (air) and theta (film) solvent conditions, the two estimates of *h* can be different.

Differential Scanning Calorimetry (DSC) {#sec4.4}
---------------------------------------

Thermal characterization was performed using a DSC-Q20 (TA Instruments) with a heat rate of 10 K/min and cooling rate of 20 K/min across a temperature range of 293 K \< *T* \< 403 K. Three cycles of heating and cooling were performed to evaluate the effect of thermal treatment on the glass transition.

Brillouin Light Scattering (BLS) {#sec4.5}
--------------------------------

BLS measurements are performed by scattering of a probe laser beam from thermal excited phonons along **q** = **k**~**s**~ -- **k**~**i**~, where **k**~**i**~ and **k**~**s**~ refer to incident and scattered photon vector, respectively. The resultant frequency shift at hypersonic (gigahertz) region is resolved by a high-resolution tandem Fabry-Pérot interferometer (JRS Instruments). The scattering vector **q**, equal to phonon wave vector, is independent of the refractive index in transmission geometry and characterizes the in-plane phonon propagations, whose magnitude is *q*~\|\|~ = sin(θ/2)4π/λ, with θ and λ = 532 nm being scattering angle and wavelength of incident light, respectively. By turning the polarization of scattering light, the longitudinal (vv polarization) and transverse (vh depolarization) waves are selected with input polarizer v. For the polymer brush films, the Brillouin frequency was *q*-dependent with a linear relation (*f* = *c*~*i*~*q*/2π, where *c*~*i*~ is the longitudinal (*c*~L~) sound velocity at vv and the transverse (*c*~T~) sound velocity at vh polarization). For the polymer brush particles, the particle eigenmode spectra were recorded in the transmission geometry, which is *q*-independent due to the light multiple scattering. The sample temperature was monitored with platinum resistance temperature detector and controlled with a homemade temperature controller. For the temperature scan measurements, the sample was allowed to isothermally equilibrate for 20 min before the recording of spectra.

Theoretical Calculations {#sec4.6}
------------------------

The elastic eigenmodes of a solid, uniform or core--shell, spherical particle, consisting respectively of one or two homogeneous and isotropic materials, and embedded in a fluid host matrix, are calculated through a multipole expansion of the elastic field inside and outside the particle into a basis of vector spherical waves. These elastic eigenmodes, characterized by the number *n* denoting their order of appearance with increasing frequency (it coincides the number of radial nodes in the case of a homogeneous particle), the angular momentum *l*, the azimuthal number *m*, and the polarization *P* (longitudinal *L*, and transverse, *M* or *N*), are organized in two independent (uncoupled) subgroups: the torsional modes (*M* polarized) and the spheroidal modes (*L* and *N* polarized). Perfect boundary conditions (PBC), i.e., continuity of the normal and tangential components of the elastic displacement field and surface traction at any interface separating two different elastic media, are applied, thus leading to knowledge of the elastic field everywhere in space. The scattered field by such uniform or multishell spherical particles can be described with the help of a scattering transition **T**-matrix formalism (explicit expressions can be found in ref ([@ref32])) which, if combined with a Green's function formalism,^[@ref31]^ allows for the calculation of the frequency position *f*~*nlm*~ of the several virtual bound eigenstates of the elastic field, localized in the particle, through the change in the density of states (DOS) of the elastic field, induced by the presence of the sphere with respect to the infinite host matrix. We note that for spherically symmetric particles, as is the case here, these resonant modes are independent of *m* (i.e., they are (2*l* + 1)-degenerated). Thus, we will denote their resonant frequency as *f*~*nl*~, and for the first nodal mode (*n* = 1), we will omit for the sake of simplicity the index *n*.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.7b01752](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b01752).Images of particle brush in the isolated particle (SEM) and assembly film (TEM), temperature-dependent eigenmode spectra and DSC traces of particles, thermomechanical properties of particle brushes, and BLS spectra of PS ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b01752/suppl_file/ma7b01752_si_001.pdf))
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